ABSTRACT: Several carbon blacks with surface areas from 105 to 1353 m 2 /g were used to produce composites through melt compounding with a high-density polyethylene matrix. The electrical behavior of the obtained composites was investigated by the measurement of their resistivity as a function of the carbon black content and type at various temperatures and times during isothermal annealing treatments. The percolation threshold markedly decreased as the carbon black surface area increased, reaching a minimum value of 1.8 vol % for the carbon black with a surface area of 1353 m 2 /g. The resistivity passed through a maximum as the test temperature increased. Moreover, the analysis of the experimental data evidenced that the host high-density polyethylene matrix and the conductive carbon black network rearranged during the isothermal thermal treatments, causing a resistivity decrease. This rearrangement became less and less important as the carbon black surface area increased.
INTRODUCTION
Polymers are generally insulating materials from an electrical point of view. One way of improving their conductivity is the addition of conductive fillers such as metal powders or fibers, graphite, carbon black (CB), and carbon fibers. [1] [2] [3] [4] The electrical behavior of these systems has been successfully described by the percolation theory. [5] [6] [7] After a given critical content, the so-called percolation threshold, the conductive particles form a conductive network that extends through the whole system. In the percolation region, the resistivity drastically decreases by several orders of magnitude.
In the case of the CB-filled composites, the behavior is strongly dependent on the CB microstructure. 3, [8] [9] [10] [11] CB is generally formed by small primary particles fused together in aggregates. Moreover, these aggregates can be agglomerated into more extended structures. Depending on the compounding process, the agglomerates can be destroyed during mixing in a polymeric matrix, but the aggregates remain unchanged. The dimensions of the primary particles can be estimated by the measurement of the specific surface area (SSA). In particular, the SSA increases as the diameter of the primary particles decreases. On the other hand, the structure of the aggregates, which is a measure of the three-dimensional fusion of CB particles, is traditionally evaluated by the measurement of the oil adsorption number (OAN). OAN increases as the structure complexity, that is, the size/shape distribution, of the aggregates increases. As a general rule, the percolation threshold decreases as SSA or OAN increases because of the formation of a more efficient conductive network.
The electrical behavior of these materials is markedly influenced by the temperature. For the conductive composites based on crystalline polymers, the resistivity increases as the temperature increases. In fact, for these materials, a positive temperature coefficient (PTC) effect has been reported. 8, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] This phenomenon is generally ascribed to differences in the coefficient of thermal expansion between the host matrix and the filler particles. In particular, the higher thermal expansion of the polymer matrix partially destroys the continuity of the conductive network, thus causing an increase in the volume resistivity. At temperatures higher than the melting point of the polymer matrix, the resistivity decreases as the temperature increases. This trend is generally called a negative temperature coefficient (NTC) effect.
8,10-13, [16] [17] [18] [19] [21] [22] [23] [24] [26] [27] [28] This phenomenon is related to the increased mobility of the filler particles in the molten polymer, which can rearrange themselves into a more efficient conductive network. 21, 24, 29 From a more general point of view, the microstructure of the polymer matrix and the conductive network depends on both the temperature and time. In fact, in analogy to various mechanical and thermal properties, the resistivity of a conductive polymer composite may change with time during an isothermal annealing treatment. 10, 11, 13, 16, 21, 25, 26, 30 This work deals with the electrical behavior of high-density polyethylene (HDPE) and CB composites. The time-temperature dependence of the resistivity of these composites was analyzed as a function of the filler content and CB microstructure for composites produced with various CBs and different filler contents. In particular, the resistivity was evaluated under three different testing conditions: (1) at room temperature, (2) as a function of temperature at a constant heating rate, and (3) as a function of time during isothermal annealing treatments.
EXPERIMENTAL Materials
The polymeric matrix was an Eltex A4009 HDPE kindly supplied by BP Solvay (Solvay SA: Rue du Prince Albert 44, 1050 Bruxelles, Belgium), now Innovene, in the form of a fine powder. This HDPE had a melt flow rate of 0.8 g/10 min (evaluated at 1908C and 2.16 kg) and a density of 0.958 g/cm 3 at 238C. Five different types of CBs were used, whose characteristic properties, such as the density determined by X-ray diffraction measurements, the SSA determined by the Brunauer-Emmett-Teller method (ASTM D 6556-03), and the OAN determined with n-dibutyl phthalate (ASTM D 2414-04), are summarized in Table I .
Resistivity measurements of the CBs
The measurement of the electrical volume resistivity of the CBs was realized at room temperature in a direct-current mode with a voltage of 1 V and with a Metex ME-32 digital multimeter. A sample of approximately 1 g of CB was compressed in a hollow Teflon cylinder with an inner diameter of 21 mm between two metal plungers at compression pressures ranging from 10 to 250 kPa. These pressures were obtained by the placement of calibrated metallic masses on the top plunger. The resistivity was hence determined as a function of the degree of compressive packing, that is, the apparent specific volume, of the CB. This latter quantity was evaluated by the continuous measurement of the volume variation of the compressed CB mass by a digital comparator.
Composite preparation
The dried HDPE and CB powders were mixed and then melt-compounded with a Thermo-Haake Polylab Rheomex PTW 16p corotating, intermeshing twinscrew extruder with a screw diameter of 16 mm, a length-to-diameter ratio of 25, and a sheet die. Barrel temperatures were set at 130, 200, 210, 220, and 2208C, and a screw speed of 12 rpm was used for all the composites. The extruder produced a continuous sheet with a cross section of 50 3 1.5 mm 2 that was collected on a special conveyor belt. The maximum investigated CB content was about 18 vol %.
Resistivity measurements of the HDPE-CB composites
The measurement of the electrical volume resistivity of HDPE-CB composites in a direct current was performed under two different testing configurations. For materials with a resistivity higher than 10 7 O cm, the resistivity through the plane was determined with a Keithley 6517A electrometer under an applied voltage of 1000 V. Specimens in the form of square plaques with a side of 40 mm were punch-cut and placed between two disk electrodes. A conductive paint was applied to the surface in contact with the electrodes to reduce the contact resistance. For the specimens having a resistivity lower than 10 7 O cm, the resistivity in the extrusion direction was determined by the application of a voltage of 1 V and with a Metex ME-32 digital multimeter. The samples were in the form of strips (100 3 5 3 1.5 mm 3 ), and conductive paint was applied on the ends to which the electrodes were attached.
The temperature dependence of the resistivity was also analyzed for composites with resistivity values lower than 10 7 O cm. The measurements were made in a thermostatic chamber that allowed the resistivity as a function of temperature to be measured from room temperature up to 2008C at a constant heating rate of 18C/min. For the same composites, the effects of an isothermal annealing treatment were also investigated. The samples were placed in a thermostatic chamber at a constant temperature (60, 90, or 1208C) for 24 h, and their resistivity was measured before and after the treatment and during the treatment as a function of time.
Differential scanning calorimetry (DSC)
DSC measurements were performed with a Mettler DSC 30 calorimeter. A first heating ramp from 0 up to 2008C was followed by a cooling stage from 200 to 08C and by a second heating ramp up to 2008C. Both the heating and cooling rates were fixed at 108C/min, and all tests were conducted in nitrogen flushing at 100 mL/min. The crystallinity content was assessed by the integration of the normalized area of the melting endothermic peak and division of the heat involved by the reference value of a 100% crystalline linear polyethylene, that is, 277.1 J/g. 31 
RESULTS AND DISCUSSION

Resistivity measurements of the CBs
The electrical resistivity of CBs strongly depends on the compaction degree of the aggregates.
3,32-34 In fact, under compressive loads, CB aggregates tend to rearrange into a more densely packed form, and more contacts between aggregates are created. Figure 1 presents the room-temperature resistivity of the CBs as a function of their apparent specific volume. This figure clearly shows that the resistivity decreases as the packing level increases. This behavior is more and more evident as the SSA and OAN of the CBs increases. As previously reported by Probst and Grivei, 34 the electrical resistivity is expected to decrease with increasing structure. This phenomenon is generally related to a reduction in the contact resistance as the aggregates become more tightly packed and pressed against one another. On a logarithmic scale, all the investigated CBs show a linear dependence on the apparent specific volume. A linear extrapolation to low apparent specific volumes (corresponding to high packing values) allows one to estimate resistivity values in the range of 10
À2 O cm for all the CBs. In fact, at very low contact resistance, the conductivity mechanism would tend to be governed by the CB graphitic structure, even if the value of 10 À2 O cm is still higher than the value of 10 À5 O cm typically reported for graphite. 35 Room-temperature resistivity of the HDPE-CB composites Figure 2 shows the room-temperature resistivity of the HDPE-CB composites as a function of the CB content. For all the composites, a trend following the percolation theory can be observed. Above a certain filler content, the resistivity shows a drastic drop from the value of the HDPE matrix, that is approximately 10 18 O cm down to a common limiting value of about 5 O cm. According to the Kirkpatrick model, 36 which applies to insulating (polymeric matrix)-conductor (conductive filler) systems, the composite resistivity (q) at filler contents above the percolation threshold (/ C ), can be fitted by a power-law equation in the following form:
where r 0 is a reference resistivity depending on the filler, f is the filler volume fraction, and t is an exponential factor. The best fitting of the experimental data of Figure 2 with eq. (1) allows one to assess the parameters reported in Table II for all the HDPE-CB composites. For all the composites, a similar reference resistivity value (i.e., ca. 10 À1 O cm) can be observed, which is consistent with the values of CB resistivity. Moreover, the exponential factor is in the range of 1.5-2, which is typical for systems in which the filler reaches a homogeneous dispersion. 6, 36 The percolation threshold of the CB-filled composites markedly depends on the CB structure. In particular, the percolation threshold decreases as the SSA and OAN parameters increase. The following Janzen equation 9 has been proposed to correlate the percolation threshold to the OAN value of the CB:
where d is the CB density. As evidenced in Figure 3 , the experimental data are in quite good agreement with the provisions of eq. (2).
Temperature dependence of the resistivity of the HDPE-CB composites Figure 4 describes the trend of the resistivity as a function of the temperature typically observed for the HDPE-CB composites investigated in this study.
In particular, Figure 4 (a,b) presents data obtained for the HDPE-CB2 and HDPE-CB5 composites, respec- tively, that is, composites realized with CBs having relatively low and relatively high SSAs. In these plots, the resistivity shows a clear peak located at 132-1348C. It is therefore possible to distinguish two regions: a first region at temperatures before the maximum in which the resistivity follows a PTC trend and a second one after the maximum in which the resistivity shows an NTC trend. Typically, the PTC effect has an onset temperature at 120-1228C; after that, the increasing of the resistivity becomes very sharp. Similarly, the NTC effect is characterized by an endpoint temperature of about 143-1458C, after which the decreasing of the resistivity levels off. This behavior has been observed for all the conductive HDPE-CB composites here investigated, the characteristic temperatures being independent of the filler content or type. As previously proposed for several polymer/CB composites, [10] [11] [12] [13] [14] [15] 17, [22] [23] [24] 26 ,27 the resistivity-temperature behavior can be directly correlated to the melting temperature of the polymeric matrix. In fact, DSC analysis carried out on the HDPE matrix shows the onset of the melting at 1248C, the melting peak at 1358C, and the endpoint at 1478C; the crystallinity was about 80%. These values are not substantially affected by the CB presence: at high filler amounts, the CB induces only a slight decrease in the crystallinity (<5%). The values of the onset, peak, and endpoint of the melting transition are the same as those observed on the resistivitytemperature curves. The magnitude of the PTC and NTC effects strongly depends on the CB amount and type. In particular, PTC and NTC effects become more and more pronounced as the CB content decreases, and for a given CB content, the SSA and OAN values decrease. This behavior is in good agreement with the existing literature. 10, 11, 13, 14, [17] [18] [19] 37, 38 PTC and NTC effects can be analyzed in different ways. A simple approach refers to a parameter called the PTC intensity, 10, 11, 13, 15, 17 which is defined as the ratio of the maximum observed resistivity to the corresponding room-temperature value. Similarly, the NTC intensity is usually defined as the ratio of the maximum resistivity value to the resistivity observed in the molten state (2008C in our case). These parameters are reported in Figure 5 as a function of the CB content of the HDPE-CB composites. According to the existing literature, 10, 11, 13, 15, 17 as the filler content increases, the intensities of the PTC and NTC parameters decrease. Moreover, as the surface area of the CB increases, the intensities of the PTC and NTC effects markedly decrease. This behavior could be ascribed to a more efficient conductive network obtained in highly structured composites produced with increasing filler content and surface area.
Another possible approach to analyzing these data is based on the fitting of the resistivity-temperature 
where r 0 , Dr, and m are parameters derived from the fitting of the experimental data. In both cases, m is the most relevant parameter for describing the PTC and NTC effects because it directly correlates with the slope of the resistivity-temperature curve. As a general rule, the PTC and NTC effects become more and more important as parameter m increases.
To improve its accuracy, the fitting procedure is con- ducted separately on four different regions of the resistivity-temperature curves. The first low-temperature region is related to a mild PTC effect (PTC-1), the second one is related to a sharp PTC effect (PTC-2), the third one is related to a sharp NTC effect (NTC-1), and the last one is related to a mild NTC effect (NTC-2). The results of the fittings, that is, the m parameter as a function of the CB contents for the various HDPE-CB composites in the four different temperature regions, are presented in Table III . The power-law equation can reasonably fit the experimental results only in the PTC-1 region, the fitting in the other regions being very poor. As a result, only the results of the fitting in the PTC-1 region are reported for the power-law equation. In general, the data obtained from the fitting with both eqs. (3) and (4) partly confirm the considerations previously reported for the PTC and NTC intensities. In fact, in the PTC-2, NTC-1, and NTC-2 regions, the absolute value of parameter m shows a tendency to decrease as the filler content increases, but a clear correlation with the CB surface area is not evident. Moreover, the absolute value of parameter m increases to very high values in all the HDPE-CB composites when the filler content approaches the percolation threshold. A peculiar case is the one regarding the PTC-1 region. Only for the highly structured HDPE-CB composites does m show a tendency to increase as the filler content increases. At present, we do not have a clear explanation for this behavior, which is in contrast to that reported by Foulger 13 on the same subject. Figure 6 reports the typical trend of the resistivity as a function of time during an isothermal annealing treatment. During the initial minutes of the treatment, the resistivity increases from the room-temperature value up to a maximum according to an inverse exponential law. This step takes about 1-5 min and can be attributed to heat transmission phenomena in the sample. After an equilibrium temperature is reached, the resistivity decreases with an exponential trend, asymptotically approaching a constant value after approximately 300 min. In the remaining time up to completion of the test (24 h), the resistivity further decreases no more than 5%. This behavior is in agreement with previous works. 10, 11, 25, 26 According to Zhang et al., 26 this phenomenon can be fitted by an exponential equation of the following form:
Resistivity during the isothermal annealing of the HDPE-CB composites
where r 0 + Dr represents the initial maximum resistivity value, r 0 is a limiting resistivity constant value, and t is a characteristic decay time. To analyze the effects of the selected annealing treatments on the electrical resistivity of the composites, a relative resistivity reduction at room temperature and at the treatment temperature has been defined as the percentage reduction of the resistivity before and after the treatment. Figure 7 shows the relative resistivity reduction at the treatment temperature as a function of the CB content for the HDPE-CB composites at various treatment temperatures. At the lower annealing temperature, that is, 608C, the resistivity reduction does not show a particular trend as a function of the CB content and type. At higher temperatures, such as 90 and 1208C, the relative resistivity reduction decreases as the CB content increases. The CB type does not seem to play a major role. In the case of the treatment at 908C, the values reaches a maximum of about 20%, which rises up to 40% at 1208C, a temperature close to the melting of the polymeric matrix. The same results (data not reported) have been obtained for the relative resistivity at room temperature.
The decay time does not show any clear dependence on the isothermal annealing treatment temperature, the CB type, or the CB content. Zhang et al. found a decrease in the decay time as the treatment temperature increased.
Moreover, there is a good agreement between the resistivity values measured after 24 h during the isothermal annealing treatment and the resistivity values measured as a function of the temperature with respect to the treatment temperature for all the materials (see the open points in Fig. 4) . From these data, it follows that the observed resistivity-temperature data are equilibrium data: the heating rate is low enough to allow a dynamic rearrangement of the conductive filler network.
To evaluate the effect of the isothermal annealing treatment, DSC analysis was carried out on the materials before and after the isothermal annealing treatment. The analyzed materials were the HDPE-CB2 composites, the HDPE-CB5 composites, and the HDPE matrix: the latter underwent the isothermal annealing treatments as a reference even if the resistivity-time dependence was too low to be measured. The crystallinity levels, as assessed with the DSC analysis, are presented in Figure 8 . These data show that the isothermal annealing treatment at 1208C improved the crystallinity of all the materials by 5-8%. Although this phenomenon was observed also for the HDPE matrix treated at 60 and 908C, it was more limited in the case of the HDPE-CB5 composites and completely absent in the case of the HDPE-CB2 composites.
Time-temperature dependence of the resistivity of the HDPE-CB composites Figure 9 permits us to visualize the effects of the temperature and time on the resistivity of the HDPE-CB composites. In this figure, the resistivity as a function of the CB content is reported (1) at room temperature, (2) at room temperature after an isothermal annealing treatment, and (3) at the peak of the resistivity-temperature curves. As a general rule, the isothermal annealing treatment induces a decrease in the resistivity, whereas resistivity values at the peaks of the resistivity-temperature curves evidence an increase. Both these phenomena are more and more intense as the SSA of the CB decreases. In all cases, the resistivity curves not only vertically translate but also change their shape. In fact, the PTC intensity (Fig. 5) , which is directly related to the peak of the resistivity-temperature curves, and the resistivity reduction at room temperature induced by the isothermal annealing treatment Figure 8 Crystallinity of the (a) HDPE-CB2 and (b) HDPE-CB5 composites (!) before an isothermal annealing treatment and after an isothermal annealing treatment for 24 h at the treatment temperatures of (l) 60, (*) 90, and (~) 1208C. Figure 9 Resistivity of the HDPE-CB composites as a function of the CB content under different conditions: (-) at room temperature, (Á Á Á) at room temperature after an isothermal annealing treatment at 1208C, and (---) at the peak for the resistivity-temperature curve. See Figure 2 for an explanation of the symbols.
( Fig. 7) , which is directly related to the resistivity at room temperature after the isothermal annealing treatment, evidence a clear dependence on the CB content.
According to the Kirkpatrick model, the data of Figure 7 can be fitted with a power-law equation [eq. (1)], whose best fitting parameters are summarized in Tables II and IV . In comparison with the asproduced HDPE-CB composites evaluated at room temperature, the percolation threshold and reference resistivity increase for the systems evaluated at the resistivity-temperature peak, whereas they decrease after the isothermal annealing treatment. Exponential factor t increases in both cases, but the increase is more enhanced in the case of the resistivity evaluated at the resistivity-temperature peak. This behavior is more and more evident for HDPE-CB composites filled with lower surface area CB, whereas for the composites filled with higher surface area CB, it is negligible.
The results of this analysis imply that the rearrangements occurring as effects of the temperature and time are not governed by linear viscoelasticity. The change in the parameters is complex and depends on the initial microstructure of the composites and on the thermal treatment. The effect of the thermal treatment on the microstructure of the conductive filler network can be evidenced with parameter t. In the literature, the values of the exponential factor are in the range of 1.5-2 for systems in which the filler has an homogeneous dispersion, 6 ,36 the values greater than 2 generally being correlated to a nonhomogeneous dispersion of the filler in the polymeric matrix. [39] [40] [41] [42] In this way, it is possible correlate the change of t to a change of the microstructure. Hence, the temperature induces rearrangements of the conductive filler network in the host matrix that leads to a segregation phenomenon. In fact, several authors have observed a preferential segregation of the CB in the amorphous regions:
13,14,29,43 DSC analysis confirms that the resistivity reduction becomes more and more important when the crystallinity improvement becomes markedly evident. The rearrangements of the filler appear to be more and more evident as the surface area of the CB decreases. This behavior could be explained by the consideration that a highly structured CB restrains the local mobility of the polymer chain and thus the possibility of intensive rearrangements.
CONCLUSIONS
In this work, the electrical behavior of HDPE-CB composites was investigated, with particular attention given to the time-temperature dependence of the resistivity. In agreement with the literature data, our results evidence that the percolation threshold decreases as the CB surface area increases and that the intensities of PTC and NTC effects decrease as the CB content and surface area increase, especially at temperatures near the melting region. The isothermal annealing treatments evidence that the resistivity decreases as a function of time, following an exponential law: the resistivity reduction produced by an isothermal annealing is more pronounced as the filler content increases and the temperature approaches the melting point.
From a general point of view, the thermal treatments, both at a constant heating rate and isothermal, induce filler rearrangements in the host polymer matrix. The analysis of exponential factor t and the percolation threshold indicates a possible segregation of the CB thus forming a more efficient conductive filler network. These effects become more and more important as the CB surface area decreases, whereas for composites filled with high surface area CB, the effect is limited. The resistivity was considered at room temperature after an isothermal annealing treatment at 1208C (IA) and at peak values during temperature variation (P).
